Diploid frog nuclei from differentiated somatic cells, transplanted into enucleated eggs to determine whether cell specialization generally involves irreversible genetic changes, have shown that nuclei from specialized somatic cells still contain the genes specifying the cell types and organ systems of swimming tadpoles. However, those tadpoles failed to feed and did not survive beyond the initial tadpole stages. Here we report that, after incubation in oocytes, triploid erythrocyte nuclei from juvenile frogs of Rana pipwns directed the formation of feeding tadpoles that survived up to a month and had differentiated hind limb buds. These tadpoles occurred at a high yield and showed the most extensive development so far obtained from documented differentiated somatic nuclei.
Whether or not cell specialization generally involves irreversible genetic changes has not been determined. In principle, DNA losses would be irreversible, but at the present time these losses occur as a regular event in only a few species, e.g., in some protozoans, nematodes, and insects (1) , as well as in the genetic rearrangement of mammalian immunoglobulin genes (2) . However, it has not yet been shown that nuclei of specialized somatic cell types are genetically totipotent.
A rigorous test of the gene content in cells is to transfer a living nucleus into an enucleated egg and allow development to proceed. The extent of development and differentiation that ensues reveals the gene content present in the transplanted nucleus. Such experiments were performed originally with early embryonic nuclei in the anuran amphibian Rana pipiens (3, 4) and later extended to other species (reviewed in refs. [5] [6] [7] [8] . Since normal adults developed, these results signified that all the genes required for normal development are present and functional in young embryonic nuclei.
In later years numerous heroic attempts were made to test the developmental potential of frog nuclei from specialized somatic tissues of Xenopus laevis. Three metamorphosed frogs were obtained from nuclei ofcells cultured from minced hatching tadpoles (9) . Also one metamorphosed (10) and two fertile frogs (11) were derived from nuclei of larval intestine. However, the interpretation of these results remained equivocal, because the technical procedures at that time precluded distinction between undifferentiated stem cells and differentiated cells in the tissues employed. Later, procedures became available for estimating the purity of the donor cell population, and evidence has now been accumulated that some specialized diploid somatic nuclei can direct the formation of swimming tadpoles. These cases include adult nuclei from Xenopus skin (12) , spleen cells (13) , and embryonic myotome cells tested in eggs (14) , as well as adult erythrocyte nuclei tested in Rana oocytes (15) . In all these cases, the nuclear transplant tadpoles constructed the various organ systems, tissues, and cell types normally found in tadpoles, thus demonstrating the important conclusion that at least some of the test nuclei are genetically multipotential, because they contain the subset of genes required for early tadpole development. Nevertheless, all the tadpoles in these studies failed to feed and did not survive beyond the early tadpole stages.
In this communication we report that triploid erythrocyte nuclei fromjuvenile frogs ofRana can direct the formation of feeding tadpoles that survived up to a month and had differentiated hind limb buds.
MATERIALS AND METHODS
Blood, obtained by cardiac puncture of juvenile frogs (R. pipiens), 1-2 months after metamorphosis, was collected in heparinized capillary tubes and centrifuged (500 X g, 15 min). The supernatant and buffy coat containing leukocytes were removed, and the erythrocyte pellet was suspended in Ringer solution. Blood smears prepared from these suspensions did not contain erythroblasts. The rarely occurring leukocytes (0.05%) were identified as nonhemoglobin cells with the Leitz microscope (x 100) at the time of nuclear transfer. Therefore, only erythrocytes were used for donor cells. The donor cells were triploid, which served as a genetic marker. The triploidy of the frogs was induced at the beginning of their development by hydrostatic pressure applied soon after fertilization (16) . This treatment prevents the release of the second polar body of the egg nucleus and results in a triploid individual.
The membranes of the donor cells were broken by osmotic rupture in distilled water, and the contents of 1-10 cells were injected into oocytes near the equator in the first meiotic metaphase (14, 17) . Approximately 24 hr later (18°C) when the oocytes completed maturation, they were activated parthenogenetically by the penetration of a glass microneedle. Within 10 min, the second black dot, indicative of the host's second meiotic metaphase, appeared and was removed microsurgically with a glass microneedle. The nuclear transplants were observed through at least the first three cleavage stages. Then they were placed at 15°C overnight to have mid-stage blastulae on the following day.
One or two blastulae, that initiated cleavage on time and displayed normal cleavage furrows, were used to provide donor cells for a second transplant generation. The standard procedure for nuclear transplantation into enucleated eggs was used (6, 18, 19) . Briefly, the animal hemisphere of each blastula donor was excised. A portion was fixed for chromosome studies (20) , while the remaining part was dissociated into single cells. A single broken blastula cell was injected into each of a series of enucleated eggs. These hosts for the second transplant generation were mature uterine eggs that were initially activated and enucleated prior to nuclear transplantation. The reason for performing retransplantation experiments from first transplant generation blastulae is that blastulae derived from nuclei ofadvanced cell types frequently are karyotypic mosaics; that is, some cells within individual nuclear transplants consist of the apparently normal 8231
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karyotype, while others have abnormal karyotypes (21) . Therefore, random selection of donor nuclei for transplantation into second generation hosts leads to clones whose members express different developmental potentials. The farthest development displayed by members of a clone indicates the best estimate of the genetic potential of the original donor nucleus. RESULTS In the first transplant generation, 31% of the oocytes developed into blastulae ( Table 1) . Four of these blastulae, derived from erythrocyte nuclei of three different donor frogs, were used to provide donor nuclei for the enucleated eggs of the second transplant generation. Four nuclear clones resulted. In all the clones, the majority of injected hosts developed into blastulae (63%-100%). Three of the 4 clones produced a high proportion of prefeeding larvae (44%-78%). In each of these three clones some of the members fed and 19 (21%-67%) developed into tadpole stage 1. They displayed the characteristics of stage 1 [stage seriation of Taylor-Kollros (23)], namely, disappearance of the oral sucker elevations, formation of the rows of labial teeth, increase in chromatophores that extended progressively ventrad, and the formation of a pair of hind limb buds. Nine tadpoles from two clones progressed into stage II. In this stage the hind limb bud increased in length, and the lateral line system on the dorsal surface of the head became evident. Also, the melanophore patches covering the gill regions spread into a narrow band ventral to the heart. Finally, two members in one clone progressed into tadpole stage III (Fig. 1) , the stage at which the length of the hind limb bud equals its diameter.
Of the 60 hosts from which the four nuclear clones arose, 47% developed into prefeeding tadpoles, 22% fed, and 32% attained stage 1. Based on our observations, 6 of the 19 tadpoles, which attained the anatomical stage I, did not feed and produce feces, although the possibility exists that a small amount of food was ingested and eliminated. Finally, 15% of the second transplant generation hosts progressed into stage II, and 3% attained stage III. Of the 19 tadpoles that developed into limb bud stages, 9 survived 2-3 weeks and 10 survived 3-4 weeks.
That these nuclear transplants were derived from erythrocyte nuclei was verified using triploidy as a genetic marker in Fig. 2A) . Likewise the cells of the blastula donors were triploid. The prefeeding tadpole in the first transplant generation and the 19 tadpoles that attained stage I in the second transplant generation all contained 39 chromosomes (Table 1 and Fig. 2B ).
DISCUSSION
The results reported above establish that Rana nuclei from terminally differentiated erythrocytes of juvenile frogs still contain the repertoire of genes needed to specify the formation of feeding tadpoles that had differentiated hind limb buds, labial teeth, and dorsal lateral line system and survived up to a month. This length of survival equals a 3-fold increase over Rana nuclear transplants derived from adult erythrocyte nuclei (15) . Equally important, these results show that the erythrocyte genome of juvenile frogs can support the development of an independent organism capable of feeding and (22) 193N (32) 9 (15) 2 (3) Oocytes at the stage of first meiotic metaphase were used for hosts in the first transplant generation, and eggs served as hosts for the second transplant generation. Superscript 3N denotes that cells of the nuclear transplants contained 39 chromosomes and, therefore, bore the triploid genetic marker of the donor nuclei. *Stages 20-25 are prefeeding tadpole stages according to the stage seriation of Shumway (22) . The tadpole in the first transplant generation was stage 25. In the second transplant generations 23 were also stage 25, and the remaining 5 were stages 20-21. tStages I, II, and III are feeding tadpole stages according to the stage seriation of Taylor-Kollros (23).
tFour blastulae were dissected, and their cells were used for donor nuclei to produce four nuclear clones (clones 1-4). §Based on 47 injected hosts, since four blastulae were used for the second transplant generation. growth. This is a critical stage, because for continued development and further differentiation, the tadpole is dependent on an external source of nourishment.
Previous nuclear transplantation tests of differentiated somatic cells of adult skin (12) , spleen (13) , and erythrocytes (15) , and surprisingly even embryonic myotome (14) resulted in tadpoles that consistently arrested prior to the feeding stage. Our ability to overcome this developmental block is due to at least two factors. First, the use of oocyte hosts rather than egg hosts in the first transplant generation results in enhanced genetic potential of erythrocyte nuclei (15 (26, 27) . Occasionally, the heterokaryons formed cell hybrids and retained both sets of parental metaphase chromosomes through one cell cycle (28) . However, subsequent mitoses contained progressively reduced numbers of chick metaphase chromosomes. More extensive activation and retention of the genome in Rana erythrocytes has now been demonstrated following transplantation of their nuclei into oocytes. The specification by the Rana erythrocyte genome of the diverse cell types in prefeeding (15) and feeding tadpoles (this communication) attests to widespread activation and substantial retention of its genome. Furthermore, the activated erythrocyte genome can survive over 100 genomic replications and still direct the specializations of the diverse cell types in prefeeding tadpoles, thereby demonstrating long term retention of at least a substantial portion of its genome (29) . Evidence for genetic totipotency of specialized somatic cell types is still lacking, because fertile frogs have not yet developed from documented differentiated nuclei. But neither have fertile frogs resulted from the transplantation of Rana adult germ cell nuclei into enucleated eggs (30) , yet these nuclei should be genetically totipotent. In fact, the feeding tadpoles derived from erythrocyte nuclei reported in this communication developed much further than the nuclear transplants derived from adult germ cell nuclei. An important difference in the procedure involved the use of egg hosts for the germ cell nuclei, whereas oocytes served as hosts for the erythrocyte nuclei. Since this (15) and other modifications (31, 32) in the nuclear transplantation procedure have resulted in enhanced genetic potential of somatic nuclei, perhaps differentiated germ and somatic cell nuclei pose special requirements for genomic activation and reversal of gene function that will have to be solved in the future. Although the functional diversity of mammalian lymphocytes is due to DNA rearrangements (2), other specialized somatic cell types that do not require phenotypic diversity in metazoans may retain the same genomic repertoire and arrangement of DNA sequences as the zygote nucleus. Thus, genetic totipotency of some somatic specialized cell types still remains a possibility because the activation of dormant genes in specialized cells is a relatively common phenomenon, that has been consistently demonstrated in several experimental systems (33) .
